Abstract This paper presents the microbial effects of using Ecosan sludge in agriculture. Sludge from KwaZulu Natal in South Africa having a helminth ova content of around 30 HO/gTS, faecal coliforms of 10 6 CFU/gTS, faecal streptococi of 10 6 CFU/gTS and Salmonella spp. of 10 5 CFU/gTS were applied to soils to grow carrots and spinach at different rates. Results showed that helminth ova content in crops was always greater in leaves than in stems, with a content varying from 2 to 15 HO/gTS for spinach and sludge application rates of sludge of 0-37.5 ton/ha and from 2-8 HO/gTS in carrots crops for sludge application rates varying from 0 to35 ton/ha. Health risks resulting from crop consumption were calculated using the b-poisson and the single-hit exponential models for Salmonella and helminths eggs, respectively. For Salmonella, no risks were found when consuming carrots for all the sludge rates studied while for spinach, risks were high but results were not deemed conclusive due to the technical methods used to measure bacteria. Concerning helminths, it was found that the morbidity rate will increase by 9% for the higher sludge application rates. To increase regional risks by 1% the egg content in crops needs to be less than 0.2 HO/gTS.
Introduction
Ecosan systems are used as an attractive alternative to pit toilets and latrines for sanitation in several countries. According to literature, when applied to land, residues from Ecosan (or Ecosan's sludge) increase agricultural yields (Esrey et al., 1998; Austin and Duncker, 2002) , because human excreta contains organic matter, phosphorus and nitrogen compounds that are essential plant nutrients. However, according to Peasey (2002) , although dry toilet technology is spreading all over the world and with it the intention to recycle excreta to soils, few have documented the pathogen and parasite dieoff or addressed the health problems associated with the revalorization practice. Moreover, few have addressed these problems in developing countries, where health risks due to the use of faeces are higher due to a greater content of pathogens and parasites (Jiménez et al., 2004; Strauss and Blumenthal, 1990) . Therefore the objectives of this research were to biologically characterize Ecosan sludge in a developing country, to investigate its biological effects on edible crops and, based on these data, to evaluate the health risks resulting from crop consumption.
Background
Dry sanitation or Ecological sanitation (Ecosan) is considered an appropriate technology for community settings without sewerage and limited water, which is common in arid and semiarid areas of the developing world. It has the advantage of solving many of the problems encountered with other sanitation systems (Esrey et al., 1998; Schonning, 2001 ). One such is that dry toilets store faeces in dry conditions inactivating the biological content to such an extent that sludge (or faecal sludge) can, in principle, be safe hand compost. The use of dry human excreta is not new. It has been documented since the 12th Century in China and until the second half of 1900 in Finland (Olsson, 2001) . Even though data concerning the biological inactivation, mainly of parasites, in dry toilets is scarce it has been demonstrated that the dehydrated sludge produced has a lower biological content compared to that from traditional latrine sludge (Schonning, 2001) .
Recycling excreta to soil reduces the need for chemical fertilisers; however, pathogens might also be also recycled to humans if improper agricultural practices are used (Hoglund et al., 2000) . Concerns about reusing Ecosan sludge include a higher pathogenic content in developing countries compared to sludge from developed countries (Jiménez et al., 2004) and the fact that, being introduced in small-scale systems, it requires more personal involvement from the users (including handling of the waste) constituting a higher human exposure level. Nevertheless, it is considered that where sludge can improve agricultural productivity, independently of its microbial characteristics, it improves the nutritional status of a population lacking food, thus improving public health (Hoglund, 2001; IMWI, 2003) . Consequently, there is a need to quantitatively compare health risks associated with the use of Ecosan sludge with the level of health improvement resulting from the increase in nutritional status.
Methodology
In South Africa, Ecosan technology is becoming common (according to Austin and Duncker (2002) , it has been installed in its thousands) and there is enough experience in reusing treated sewage sludge in soil (48% of the conventionally treated sewage sludge is applied to soils; Snyman and Van der Walls, 2003) . Nevertheless, Ecosan sludge has not been used for agriculture, basically because it has not been fully biologically characterized and because it is believed that the sludge is similar to that coming from septic tanks and, as a consequence, not suitable for agriculture (WRC, 1997) . Considering the widespread use of Ecosan in South Africa and the interest in revalorising it due to the poor soils of the region, sludge from this country was used in this study. A 25 kg composite sample of Ecosan sludge that had been mixed with some topsoil (stored at least 12 months according to the South African operational criteria) were collected without further treatment from several toilets from the Durban region in KwaZulu-Natal. For microbial characterization 4 bacteria, 1 fungi and 6 types of helminth ova were measured. Total coliforms were considered due to their presence in faeces, faecal coliforms and faecal streptococcus because they are considered good indicators of faecal pollution by most authors and Salmonella spp. because it is part of most sludge regulations around the world and a human pathogen. For fungi, there is no universal indicator and Aspergillus spp. was used because it is an opportunistic pathogen belonging to a group of moulds that is found worldwide. Finally, helminth ova were monitored due to their high persistence in the environment and because they are considered quality indicators for most of the reuse practices (WHO, 2000) . Helminths are commonly associated with sanitary risks when sludge is used as an agricultural fertilizer (Asaolu and Ofoezie, 2003) . To analyze total coliform, faecal coliform, faecal streptoccoci, Aspergillus spp. and Salmonella spp. a serial dilution technique was used (Islam et al., 2004) . The technique used for Salmonella was replaced during the second phase of the study with a standard technique owing to the inconsistency of the results (APHA, AWWA and WEF, 1995) . TS (total solids), pH, and nitrogen were also determined using standard techniques (APHA, AWWA and WEF, 1995 
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Analyses were performed to characterize (a) the sludge prior to its application, (b) the soils before sowing and after harvesting, (c) the irrigation water during the study and (d) the crops after harvesting. To assess the microbial effects of sludge in agriculture, two kinds of crops were selected: spinach and carrots. These crops were considered because they are usually eaten in South African rural areas, are often consumed raw and for spinach the edible parts grow above the soil, while for the carrots they grow below the ground. Plots of 2 £ 9 m were used. In the experimental farm of Pretoria University each crop was planted in two plots, one was used as a control while the other was divided into three sections. Each plot was treated with a different sludge application rate. To determine the amount of sludge to be added, the following criteria were taken into account: (a) the nitrogen demand by crops (50 kgN/ha for carrots and 100 kgN/ha for spinach); (b) application rates above and below 8 ton/ha, which is the value established as the South African norm and (c) three different helminth ova rates. Following these criteria, sludge was applied to carrots at 0, 7, 12.5 and 35 tons/ha corresponding to 0, 1, 1.7 and 4.8 HO/cm 2 , while for spinach 0, 1.3, 19
and 37.5 ton/ha equivalent to 0, 0.18, 2.6, and 5.1 HO/cm 2 were used. The helminth rate was defined as the quantity of total helminth ova applied per square centimetre. Sludge was applied to soil and mixed to a depth of 10 cm. Seeds were planted in the second week of November (summer). The pattern within the blocks was in rows 300 mm apart. The seeds were spaced 50 mm a part within the rows. Spinach was harvested in January (after 7 weeks) and carrots in March (after 12 weeks). In each case, the whole plant was pulled from the soil and cut to collect roots and leaves separately. For sludge and soil analysis, 1 g samples were used. To analyze bacteria and fungi, 5 g of crop samples were taken, while for helminth analysis the sample size was 30 g. To evaluate the health risks, the consumption of 100 g of uncooked spinach or carrot (equivalent to a medium size carrot) was considered. A 2 log reduction during harvesting was assumed and a 1 additional log reduction due to washing for bacteria (WHO, 2006) . For helminth ova only a 90% reduction due to washing was considered. The infection probability resulting from the exposure (P) was calculated using a beta Poisson model for Salmonella and a single hit exponential model for helminths (Rose and Gerba, 1991) :
Single-hit exponential model
where P is the infection risk due to the consumption of pathogens (Salmonella) or parasites (helminths) in crops, N is number of ingested pathogens or parasites; a ¼ 0.33; b ¼ 139.9 and r ¼ 0.02.
Results and discussion
Sludge characterization
Ecosan sludge (Table 1) had a TS content of 43^2%, which is higher than that from septage or sludge coming from conventional treatment and dewatering (4% for biological secondary sludge thickened and 28% for sludge exiting filter press using chemicals (Metcalf and Eddy, 2003) ). The TS content is not as high as that obtained in sludge heaters (85-92%), a process known for its high disinfection efficiency. While the TS content is high (and hence the humidity is low), the N content (0.2 -0.34%) is within the common range for domestic sludge (0.2 -0.6%), if the N contribution due to urea is subtracted (90% of the value according to Metcalf and Eddy, 2003) . The N content found B. Jimé nez et al.
23
in sludge was low compared to other Ecosan sludge, which implied adding higher quantities of sludge in order to fulfill the nutrient demand of crops. This would not have been important if the sludge had no microbial content. However, this was not the case. Concerning helminths, the value found (29.8^2.9, total helminths) seems to indicate that the concentrations are not as high as could be expected for sludge from developing countries (ranging from 67 to 735 ova/gTS according to Jiménez and Wang, 2006) and are even comparable to the one obtained from anaerobic digester sludge in South Africa (2 -40 Ascaris/gTS, Snyman et al., 2003) a sludge classified as Type B and therefore feasible for agriculture reuse but with some restrictions in order to minimize human exposure. Helminth ova composition in sludge differs from one region to another reflecting health conditions. In the sludge sampled, 85% (25.3^4.4 ova/gTS) were Ascaris eggs but it was noticed that the percentage of Taenia eggs was variable and could reach up to 19%, higher than values reported by other authors (Jiménez et al., 2004) . Taenia is linked with the oncocercosis cysts in meat and Cysticercosis due to Taenia saginata (common in Africa) appears to be one of the major pathological threats when sewage sludge is used to fertilize cattle pastures in temperate areas. Therefore they deserve special attention and it might be appropriate for South Africa to establish the maximum content not only of Ascaris egss but also all kinds of helminths in sludge, particularly because the analytical method is the same. Eggs' viability in sludge was 88.8^0.5%, a common value for sludge coming from conventional wastewater treatment plants. However, and interestingly, it was observed that Ascaris and Trichuris egss were larvae at 65%, meaning that for some reason the operating condition in Ecosan promotes the breeding of eggs.
Irrigation water
Water used to irrigate came from a well and was stored in open tanks. The water was not disinfected and very often birds were drinking water from tanks. This is possibly the reason why some microbial pollution was found although at very low concentrations: Total coliforms ranged from 0.1 to 0.3 CFU/100 mL, faecal coliforms from 0.2 to 0.9 CFU/100 mL, faecal streptococci from 0 to 0.1 CFU/100 mL. Salmonella spp. and helminth ova were not detected in any of the five samples analyzed. Table 2 shows the characterization of soils prior to the study. Soils were slightly alkaline (pH 7.7), and contained microorganisms such as total and faecal coliforms. The first are commonly considered as native in soils, while the second have been reported as native in water in high-temperature countries and therefore could be present in soils. Faecal streptococci and Salmonella (using the APHA, AWWA, WEF method) were not found in soils while Helminth ova were present in low concentrations (1.4^0.5 HO/gTS) and with very low viability (0-10%). According to the records of the farm, the plots had not received any manure application (which can contain helminth ova) for at least 1.5 years. Concerning the genus, almost all the eggs found were Ascaris although Toxocara was sometimes also found.
Soil

Crops
The quantity of sludge applied was equivalent in terms of the actual viable helminth eggs to application rates of 0.9, 1.5 and 4.3 HO/cm 2 for carrots and 0.2, 2.3 and 4.5 HO/cm 2 for spinach. These values should be compared to 0.016 viable HO/m 2 for sludge having 1 viable helminth ova/gTS and applied at a rate of 8 ton/ha as established in South African regulations as well as application rates of 0.4 for carrots or 0.8 HO/cm 2 for spinach obtained using USEPA norms to fulfill the nitrogen demand by crops with sludge containing 0.25 viable helminth ova /gTS. Figure 1 shows the microbial effects of the sludge application only on carrot soils. Total coliforms, faecal streptococci and faecal coliforms ( Figure 1a ) were present in soils in similar concentrations for all the application rates and only for the highest value can a noticeable increase be seen. Similar results were obtained for spinach soils, although the increase for the highest sludge application rate was less noticeable. In the case of Salmonella, results in spinach soils were erratic indicating that the Islam et al. (2004) analytical technique was not appropriate. For carrots using the APHA, AWWA, WEF (1995) technique, Salmonella results were negative in all cases. Helminth ova in soils for both carrots and spinach ( Figure 1b , only for carrots) show a clear correlation with the rate of sludge applied: the larger the sludge application rate, the greater the content of helminth ova found in soils. In soils, a surprising result was the diminution of the helminth ova viability from the original value of 88.8% to 52^3% for spinach soils and to 39^7% in carrots soils. The greater decrease of viability in carrot soils was likely due to the longer amount of time taken to monitor carrot soils (12 weeks) than that used for spinach soils (7 weeks). The decrease in the viability can be explained, although not conclusively, by the high temperature registered during the summer time in Pretoria (ranging from 27 to 38 8C, during the day) but also to possible prior damage suffered by the eggs during their dehydration in Ecosan. Ascaris have been reported to rapidly die at temperatures over 40 8C in different types of media including water, soil, sewage, and crops. The temperature limit could be less if high temperatures are combined with other negative environmental conditions such as high ammonia content or low moisture (Heinonen-Tanski and Van Wijk-Sijbesma, 2004 ). Another explanation is that most of the eggs were larvae prior to their application, and therefore could not survive in soil. Figure 2 shows the results of the bacteria numbers in spinach leaves (a) and stems (b). There was not a clear relationship between the quantity of sludge applied and the total microbial number in leaves or stems. For faecal coliforms in stems, the results seem to indicate that bacteria can survive underground but not on the top of the soil, where UV sunlight is available and will kill the organisms. In carrots, total and faecal coliforms as well as faecal streptococci increased as the sludge application rate increased (Figure 2c ). Aspergillus spp. and Salmonella spp. were present in low numbers during all the different treatments. Concerning helminth ova, increasing concentrations were found in both stems and leaves (Figure 3a and b) as the quantity of sludge applied (and hence that of helminths) increased. Contamination is more important in leaves than in stems, seeming to indicate that helminth ova are preferentially attached to plants rather than to soils. Although these results show that crops were polluted even using the smallest application rate, understanding the health significance would require proper epidemiological or toxicological studies that consider the probability of microorganisms, especially helminth ova, actually infecting the host. This would depend on the viability of eggs, the quantity of microorganisms consumed by a person through conventional daily diets in the region and the infective dose. Concerning viability, unfortunately, for spinach crops the data was not obtained, but in carrot leaves it was 25^5% while in carrots it was of 20^8%. This indicated that although present, they were mainly in an inactive state reducing the risk to spread the disease through consumption.
Risk evaluation
Biological risk evaluation is a useful tool in predicting possible effects caused by sludge or wastewater reuse and also in defining conditions for its safe revalorization (Haas et al., 1999 and Westrell et al., 2004) . The main limitation for its application is data availability, particularly concerning infective doses. For this reason, risk evaluation was only done for Salmonella and Ascaris. Salmonella risks were calculated for a single consumption of 100 g of spinach or carrots, considering a humidity content of 92% and 88%, respectively. Calculations for spinach were performed although values found were estimated illogically high due to the analytical technique used (Islam technique) . Using data obtained, it was estimated that 9% to 60% of spinach consumers will probably get sick. That is to say, risk caused by the produce grown using sludge application rates of 19 to 37.5 ton/ha are unacceptable. In order to have an acceptable risk, Salmonella content in spinach need to be less than 3.6 CFU/gTS. When consuming carrots, and because Salmonella content was found to be low using the APHA, AWWA, WEF Technique (of around 1 CFU/gTS), the risk was negligible (P ¼ 2.8 £ 10
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) for all cases and smaller than considered that acceptable (10 24 according to USEPA/USAID, 1992).
Helminthiasis risks due to a single consumption of spinach grown in soils amended with 1.3 to 37.5 ton/sludge.ha (or 0.18 to 5.1 HO/cm 2 ) were 2 £ 10 22 and 9 £ 10 22 , while for carrots they were 6 £ 10 23 to 1 £ 10 22 for sludge application rates of 7 to 35 ton/ha (or 1 to 4.8 HO/cm 2 ). All these values are greater than the "acceptable risk"
proposed by USEPA/USAID, but in communities having helminthiasis morbidity rates from 25 to 90%, as is the case in poor regions from developing countries, maximum calculated risk means 9% additional people infected. To reduce risk caused by Ecosan sludge revalorization to 3% crops we need to have less than 8 HO/gTS and for 1% less than 0.2 HO/gTS. The risk found when using Ecosan sludge should also be compared to the one produced by crops grown on soil without addition but where helminths were found (1.4 HO//gTS with a 5% viability) due to another type of fertilizer applied in previous years that was 1.4 £ 10 23 . These results also indicate that unless Ecosan sludge contains very low helminth egg content a risk to disseminate helminthiasis diseases through crop consumption exists. Therefore a decision should be made at a local level to limit sludge revalorization to crops not eaten raw or not growing in soils, or otherwise, to control the risk by consuming only cooked crops. 
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Conclusions
Ecosan sludge from the Durban region of South Africa had a microbial content comparable to sludge classified as Type B in the South African Legislation. This complies with the standard for use in agriculture considering some restrictions for minimizing human exposure. Applying different rates of Ecosan sludge to spinach and carrots, two common edible crops, it was found that the bacteria and fungi content was only noticeable for the higher rates (. 35 ton sludge/ha), while the helminth ova content varied, both in leaves and stems, depending on the quantity of sludge applied. Helminth ova content was more prevalent for both crops greater in leaves (spinach and carrot leaves), suggesting that the ova adhere preferably to plants rather than soils. Concerning health risks, no risks were found from salmonella in carrots grown at all sludge application rates. Risk with spinach resulted high (up to 60%) but due to the analytical methods used to detect this bacteria, the results are not conclusive. Concerning helminthiasis, there is a risk of increasing morbidity rates up to 9% for the higher sludge application rates. To increase the risks by 1% the egg content in crops needs to be less than 0.2 HO/gTS.
